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C L I M A T O L O G Y
Forecasted attribution of the human influence 
on Hurricane Florence
K. A. Reed1*, A. M. Stansfield1, M. F. Wehner2, C. M. Zarzycki3,4
Changes in extreme weather, such as tropical cyclones, are one of the most serious ways society experiences the 
impact of climate change. Advance forecasted conditional attribution statements, using a numerical model, were 
made about the anthropogenic climate change influence on an individual tropical cyclone, Hurricane Florence. 
Mean total overland rainfall amounts associated with the forecasted storm’s core were increased by 4.9 ± 4.6% 
with local maximum amounts experiencing increases of 3.8 ± 5.7% due to climate change. A slight increase in the 
forecasted storm size of 1 to 2% was also attributed. This work reviews our forecasted attribution statement with 
the benefit of hindsight, demonstrating credibility of advance attribution statements for tropical cyclones.
INTRODUCTION
Change in extreme weather and extreme climate events is a principal 
way that society experiences the impacts of anthropogenic climate 
change (1). Tropical cyclones, extreme temperature, drought, and 
severe weather account for most of the increasing damages and eco-
nomic impacts in the United States (2). Since the pioneering analysis 
of the 2003 European heatwave (3), substantial advancements in 
attribution statements about the influence of anthropogenic climate 
change on the frequency and magnitude of individual extreme weather 
and climate events have been made (4). While a human influence 
on the precipitation from individual extreme storms has been identified 
before (5, 6), Hurricane Harvey was the first true tropical cyclone to 
undergo these analyses (7–11). The lag time between extreme weather 
events and subsequent attribution statements has been steadily de-
creasing as the community’s expertise has developed to a point that 
several European weather forecast agencies are currently planning 
operational attribution capabilities in the near future (12). Recently, 
the “hindcast attribution method” (13), described in Methods, was 
introduced to make attribution statements about present-day tropical 
cyclones and other severe storms, similar to the “pseudo–global 
warming” approach for the projection of future climate extremes 
(14, 15). This attribution methodology has been used to identify the 
current and future human influence, if any, on the wind speed and 
precipitation of 15 historical tropical cyclones, including Hurricanes 
Katrina, Maria, and Irma (16), and has been referred to as a “storyline” 
approach to attribution (17).
Extreme event attribution is an exercise in causality. As with any 
complex phenomena, the genesis of a tropical cyclone occurs when 
the state of the atmosphere-ocean system is favorable for it (18, 19). 
The role of anthropogenic climate change on a tropical cyclone’s 
existence, if any, is manifested through changes in the magnitude or 
frequency of these causal conditions. Event attribution statements 
then are statements about the changes in the magnitude or proba-
bility of an event. In the hindcast attribution approach, the following 
conditions are imposed: (i) observed human-caused changes in the 
composition of the atmosphere, including greenhouse gases and aerosols; 
(ii) credible estimates of human-induced changes in the ocean surface 
temperatures and mean atmospheric state aloft; and (iii) that cyclo-
genesis has occurred under a plausible synoptic environment. Because 
of these stringent conditions, especially the last one, storyline attri-
bution statements must be considered as incomplete assessments of 
the effect of anthropogenic climate change on extreme weather events 
and conditional on the event’s underlying existence.
While both theoretical models of intense tropical cyclones (20, 21) 
and multidecadal integrations of tropical cyclone permitting climate 
models suggest that the most intense tropical cyclones become more 
frequent and more intense in a warmer climate (22, 23), the detec-
tion of these changes in the observational record is questionable 
(24, 25). However, trends in extreme precipitation over all storm types 
have been detected in global analyses and attributed to human- 
induced changes to the composition of the atmosphere (26, 27). 
Three of the aforementioned Hurricane Harvey studies directly found 
large attributable increases (10 to 38%) on that storm’s precipitation, 
each using different methodologies. It appears that the human in-
fluence on tropical cyclone precipitation is emerging faster than on 
maximum wind speeds (16).
Two days before the landfall of Hurricane Florence (28), we publicly 
forecasted the following attribution statements:
1) Hurricane Florence would be slightly more intense (lower surface 
pressure) for a longer portion of the forecast period due to climate 
change.
2) Hurricane Florence rainfall amounts over the Carolinas would be 
increased by over 50% due to climate change and are linked to warmer 
sea surface temperatures and available moisture in the atmosphere.
3) Hurricane Florence would be about 80 km larger due to the effect 
of climate change on the large-scale environment around the storm.
These statements were made on the basis of simulations using 
the hindcast attribution method but as a forecast in advance of the 
storm’s landfall. This paper reviews the forecasted attribution with 
the benefit of hindsight.
RESULTS
Forecast attribution framework applied to Hurricane Florence
Florence, a North Atlantic hurricane, made landfall as a category 1 
storm on the coast of North Carolina at 11:15Z on 14 September 2018. 
After landfall, Florence’s forward motion slowed as it dropped 
large amounts of rain throughout the region before moving farther 
inland on 17 September 2018. The resulting inland flooding caused 
extensive damage and hardships for North and South Carolinians.
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A key aspect of any attribution modeling study (13, 29, 30) is to 
verify that the models used are fit for the intended purposes. In our 
approach, the forecasted ensemble simulations in the actual world 
(here called “Actual”) and a counterfactual world that might have been 
had humans not altered the atmosphere (here called “Counterfactual”) 
must reasonably represent the observed storm’s evolution, especially 
its track. Figure 1 shows the 7-day hindcasted track for Hurricane 
Florence initialized every 12 hours starting 9 September at 12Z from the 
Community Atmosphere Model version 5 (CAM5) based on previous 
CAM5 hindcasts (31). Each configuration/initialization pair consists 
of 10 ensemble members, although the 11 September 00Z forecast period 
was expanded after the storm to a 100-member ensemble to allow for 
a more thorough attribution analysis. Our forecasted attribution state-
ment, released to the public on 12 September, was also initialized at that 
time but using only the original 10 members due to real-time computing 
constraints. From Fig. 1, most Actual simulations reasonably represent 
the observed track from the National Hurricane Center (NHC) of Hurricane 
Florence. Quantitative track error analysis indicates that the CAM5 track 
error was within the spread of that from operational numerical weath-
er prediction models and the NHC (see Supplementary Materials).
Fig. 1. Simulated and observed storm tracks. Model tracks of the 7-day Actual (red) and Counterfactual (blue) forecasts for different initialization times. Solid lines are 
the ensemble mean, and dashed lines are the individual ensemble members. Black lines are observed track. Black dots on the ensemble mean tracks represent the loca-
tion of the hurricane center at 12-hour intervals.
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A more critical test of the system’s fitness for purpose is the timing 
and location of Hurricane Florence’s landfall. All Actual ensemble 
hindcasts, except for the 11 September 12Z ensemble, simulated a 
median landfall time within 4 hours of the observed landfall of 
Hurricane Florence. Focusing on the Actual 11 September 00Z 
ensemble, the slowdown of Hurricane Florence near landfall and the 
landfall timing is well captured by the model, with a median landfall 
time of 14 September 15Z. In addition, Fig. 1 shows that the model 
captures the location of Hurricane Florence’s landfall on 14 September, 
with 65 members of the 11 September 00Z ensemble predicting a 
landfall location within about 30 km of the observed location and 96 
of these ensemble members within 200 km. Given that the timing 
and location of landfall were reasonably simulated, both of which 
are important for overland rainfall, we conclude that these 
96 members of the Actual ensemble are fit for purpose in simulating 
the observed storm. The comparison of the Actual ensemble to 
rainfall and dynamical measures of intensity are discussed later in 
the analysis.
To represent the storm in a world without anthropogenic climate 
change, we performed a suite of Counterfactual ensemble hindcasts 
as per the Actual ensemble but with the large-scale climate change 
signal removed from the initial and boundary conditions. As in previous 
studies, this was performed by subtracting the attributable warming 
from the sea surface temperature (about 0.75°C near the Carolina 
coast as determined from the Coupled Model Intercomparison Project 
Phase 5 ensemble) and modifying atmospheric temperature and 
moisture (5, 16). Details of these modifications are discussed in the 
Supplementary Materials. Comparing the Actual to Counterfactual 
ensembles in Fig. 1, there is little difference in the simulated storm 
track and landfall location between the two ensembles. The translational 
speed of the storm center is also not affected in the Counterfactual 
simulations. While recent work has identified a slowing of average 
tropical cyclone translational speed due to climate change–induced 
circulation changes (32), this is not explicitly imposed within this 
modeling framework due to the conditional nature of the initializa-
tion, particularly the synoptic-scale forcing. Because of this, 34 of the 
Counterfactual 11 September 00Z ensemble members predicted a 
landfall location within 30 km of the observed location and 96 members 
within 200 km.
This additional similarity in tracks and landfall timing between 
the Actual and Counterfactual 11 September 00Z ensemble simulations 
and their agreement with the observed storm leads us to conclude 
that this system is fit-for-purpose for a conditional attribution. For 
the initial 10-member ensembles performed for our forecasted 
attribution, we reached this same conclusion based on the agreement 
between our advance simulations and the official NHC forecast before 
a public statement in advance of landfall was made.
Climate change impact on extreme rainfall
The National Weather Service (NWS) rainfall gridded observational 
dataset estimates locations near the landfall location of Hurricane 
Florence experienced over 30 inches (762 mm) of rain, with the 
maximum rainfall total of 32.9 inches (836 mm) near Wilmington, 
NC (Fig. 2). All analysis performed for the remainder of this study 
focuses on the 11 September at 00Z ensembles and the 96 members 
that make landfall within 200 km of the observed landfall of Hurricane 
Florence. Analysis of the accumulated rainfall overland associated 
with the Actual ensemble initialized on 11 September at 00Z demon-
strates that the framework well simulates amounts of observed rainfall 
(fig. S2). While the precise spatial distribution of rainfall is dependent 
on the storm tracks of each individual realization, accumulated 
rainfall amounts in excess of 30 inches are simulated in many of the 
Actual ensembles. The examination of the Counterfactual ensemble 
(fig. S3) exhibits that the accumulated rainfall associated with the 
landfalling storms is noticeably reduced, although rainfall amounts 
in excess of 30 inches are still possible in the cooler Counterfactual 
world, again with variations in spatial distribution depending on 
simulated storm track and landfall.
We focus on a region of approximately 200 km around the simu-
lated storm’s landfall for each individual ensemble member, as this 
is the core of the storm and the location of the heaviest precipitation. 
Figure 3 (left) shows the distribution of the maximum accumulated 
rainfall amount at any grid point within 200 km of the forecasted 
landfalls for the 96 Actual and Counterfactual ensemble members 
that make landfall within 200 km of the observed landfall, with a 
slight shift toward higher maximum values of rainfall in the Actual 
simulation. The mean value of maximum accumulated precipitation 
in the Actual ensemble is 33.6 inches (853 mm), comparable with 
the observed value of 32.9 inches (836 mm) but about 4% larger than 
the mean value of 32.4 inches (823 mm) in the Counterfactual en-
semble. When comparing median values, the Actual ensemble maximum 
accumulated precipitation is nearly 5% larger than the Counterfactual 
ensemble without the anthropogenic signal. When focusing on all 
grid points within 200 km of landfall, 2.9% of those points have an 
accumulated rainfall of 30 inches or more in the Actual ensemble, 
an increase from 2.7% in the Counterfactual ensemble (over a 7% 
increase in points with over 30 inches of rainfall).
The total accumulated overland precipitation over all grid points 
within 200 km of the individual ensemble landfall location and 
within 48 hours of individual landfall time (Fig. 3, right) in the 
Actual ensemble also shows a shift toward the higher values of rainfall 
compared to the Counterfactual ensemble. The mean value of total 
rainfall in the Actual ensemble is 977.0 inches (24,816 mm), nearly 
5% larger than the mean value of 931.7 inches (23,665 mm) in the 
Counterfactual ensemble. The median of the total overland precipi-
tation in the Actual ensemble is 955.1 inches (24,260 mm) compared 
with 909.9 inches (23,111 mm) in the Counterfactual ensemble, a 
5% increase. Note that, again, the Actual ensemble compares reasonably 
well with the observed total accumulated overland rainfall within 
200 km and 48 hours of landfall of 1066.7 inches (27,094 mm). 
However, for longer temporal windows after landfall (i.e., 72 hours), 
the Actual ensemble underestimates the total rainfall within 200 km 
due to differences in the simulated track and storm’s translation 
speed after landfall compared to the observed (Fig. 1). The differences 
between the two ensembles is statistically significant at the 80% 
confidence level for the local maximum precipitation and the 95% 
confidence level for the total overland precipitation near the core of 
the storm for the ensembles using either a one-sided or two-sided 
Student’s t test.
Our forecasted attribution statement of 12 September 2018 
“increased by over 50%” was based on only 10 members of the original 
11 September 00Z ensemble and did not account for slight differ-
ences in track, an amount outside the 95% confidence interval of the 
full 96-member hindcasted ensemble (Table 1). We investigated the 
sensitivity of a smaller ensemble using 10-member subsets derived 
from the full ensemble using a bootstrap analysis of 1000 samples, 
finding that the 95% confidence interval for difference in the over-
land precipitation ranged from −8.2 to 21.4% (Table 1).
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Attribution of storm size
Hurricane size is also understood to be an important factor in storm 
damage potential (33–35). Figure 4 (left) shows the distribution of 
the maximum forecasted outer radius of Hurricane Florence (here 
estimated as the radius at wind speeds of 8 m/s) (36) during a 
36-hour period well before landfall for the Actual and Counterfac-
tual 11 September 00Z ensembles for the storms that make landfall 
within 200 km of the observed. The distribution of the Actual 
ensemble is shifted toward larger storm sizes compared with the 
Counterfactual ensemble in which the large-scale climate change 
signal is removed. In particular, the Actual ensemble predicted a storm 
that is 4.5 km in mean radius or more than 9.1 km in mean diameter, 
larger than the ensemble without climate change. This represents a 
1.6% increase in the area of the mean forecasted storm due to climate 
change. When all times are considered during the 36-hour period, 
as shown in Fig. 4 (right), the shift in outer storm size is not as 
apparent, with less than 1% increase in the mean area in the Actual 
ensemble. While the change in maximum outer storm size is sub-
stantially smaller than that stated in the 12 September forecasted 
attribution release (see Table 1), there are instances when the differ-
ence in median diameter between the ensembles is considerably 
larger depending on the ensemble size (Table 1). Again, the differences 
stated in Table 1 are statistically significant at over a 99% confidence 
level using either a one-sided or two-sided Student’s t test.
This attributed increase in size is not obvious from changes in 
intensity, as estimated by instantaneous maximum near-surface wind 
speeds (fig. S4), which is less than 2% between the ensembles, con-
sistent with previous attribution work (16). Intensity, as determined 
by minimum surface pressure in the center of storm (fig. S4), has 
been shown to depend on the maximum near-surface wind speeds, 
outer storm size, and latitude (36). Given that both the Actual and 
Counterfactual ensembles have similar storm tracks, and therefore 
latitudes, the attributed changes in outer storms size (Fig. 4) and the 
smaller change in maximum near-surface wind speeds corroborate 
the attributable increase (~4%) in the forecasted minimum surface 
pressure deficit (fig. S4) in the Actual ensemble given a similar 
background environmental surface pressure. However, a more 
detailed investigation of storm structure changes, which may be linked 
to the rainfall difference shown here, is needed.
DISCUSSION
This work presents and evaluates the first documented forecast 
attribution study performed in advance of a landfalling hurricane. 
The extreme rainfall amounts of Hurricane Florence are simulated 
to be significantly increased because of human-induced climate change. 
Our forecasted attribution statement based on the original 10-ensemble 
members for Hurricane Florence was made 2 days before landfall 
(28) compared with additional ensemble simulations completed after 
the storm is presented here. This analysis quantifies confidence in 
the forecast attribution statement made in advance of the storm. 
Similar to previous work with other tropical cyclones (16), the human 
influence on Florence is most apparent in precipitation rather than 
maximum instantaneous wind speed. The extreme rainfall was 
increased by up to 10%, and the fraction of rainfall accumulations 
of more than 30 inches was increased by more than 7% of what it 
would have been without climate change. This result is on the lower 
end of the 10 to 38% increase in storm total precipitation found for 
a similar slow-moving storm, Hurricane Harvey (7–9, 11). When 
compared to these estimated precipitation changes for Hurricane 
Harvey, those presented here for Hurricane Florence not only are 
more in agreement with the simple thermodynamic scaling arguments 
as determined by Clausius-Clapeyron scaling (~7% for Harvey and 
~5% for Florence) but are also consistent with the range of changes 
simulated in several other intense storms (16, 37). To test whether 
selection bias plays a notable role in the attributed signal discussed 
in the analysis, we completed an additional 10-member ensemble 
suite in which a climate change signal was added to the Actual en-
semble. This test results in a further increase in maximum rainfall, 
suggesting that selection bias did not contribute substantially to 
the results.
Before landfall, we forecasted that Hurricane Florence was about 
80 km larger in diameter due to climate change. With the additional 
simulations, this statement is modified to the maximum size of 
Hurricane Florence, which is about 9 km larger in mean maximum 
diameter (or a 1.6% increase in storm area) due to climate change. 
However, instances in which the simulated storm is larger in diameter 
within the ensemble are still shown to be possible but is dependent 
on ensemble size. We also made a qualitative statement that the storm 
would be slightly more intense for a longer portion of the forecast 
period due to climate change, as measured by minimum surface pres-
sure. While this conclusion holds in the post-storm ensembles, this 
remains the most uncertain finding of this work. While our ensemble 
intensities for Hurricane Florence are in line with NHC forecasts, 
simulated hurricane intensity (particularly surface wind) can be 
deficient in global modeling frameworks (31, 38).
Hindcasting offers a luxury of time not afforded to forecasting. 
The quantitative aspects of our forecasted attribution statements fall 
outside broad confidence intervals of our hindcasted statements and 
Fig. 2. Observed Florence rainfall. Total observed accumulated precipitation 
(inches) within 500 km of Hurricane Florence’s landfall location. NWS observations 
are regridded onto the CAM5 grid. Blue line represents 200 km around the location 
of landfall used for rainfall analysis.
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are quite different from the hindcasted best estimates. This discrepancy 
is, in part, due to the discovery during the refining of the hindcast 
framework that the forecasted Counterfactual ensemble incorrectly 
set the lower boundary condition for sea surface temperatures while 
correctly setting the initial conditions, having the effect of increasing 
the climate change signal by 1° to 3° off the coast of North Carolina. 
Furthermore, limits in human and computational resources limited 
our forecasted ensemble sizes to just 10 members, not enough to 
construct defensible confidence intervals. An important lesson learned 
from this exercise is that variability across tropical cyclone simu-
lations is large enough to cause uncertainties in the attributable effect 
of climate change on storm characteristics. The design of the numerical 
approach of an attribution study must take several important factors 
into account, all of which affect the demands on available human 
and computational resources. These factors include the design (i.e., 
resolution) of the models, the lead time of the forecast or hindcast, and 
the optimal number of ensemble members. As an adequate treatment 
of each of these factors is clearly storm dependent, no overarching 
decision rules currently exist. Hopefully, as experience in making 
tropical cyclone attribution statements increases, these choices will 
become clearer.
The attribution method used here is a storyline approach to event 
attribution (17, 39). As discussed in the recent work (13), this method 
compares two sets of simulations, the first being of the storm in the 
Actual world that is and the second being of the storm in a Counter-
factual world that might have been had humans not altered the climate 
system. Attribution statements arising from this type of analysis are 
conditional on the changes to the atmospheric composition, the 
prescribed state of the Actual and Counterfactual ensemble ocean, 
the prescribed large-scale meteorological patterns, and the sensitivities 
of the model(s) used. Hence, only the effects of climate change local 
to the hurricane itself are included. These include structural changes 
to the storm driven by increased available sensible and latent heat 
energy. However, no statement can be made with this methodology 
about the changes in cyclogenesis rates or the probability of a Florence- 
like storm, as the specific large-scale atmosphere and ocean circula-
tions that affect the genesis development of storms are prescribed. 
Despite these limitations, a clear picture of the response of intense 
tropical cyclones to global warming is emerging. An attributable 
increase in precipitation from recent intense tropical cyclones has 
already emerged for the storms analyzed so far by multiple independent 
author teams (see discussion above). This signal has emerged before 
Fig. 3. Simulated changes in storm rainfall. Histograms of the (left) maximum accumulated rainfall amounts and (right) total accumulated rainfall within 200 km and 
48 hours of the model landfall for the Actual (red) and Counterfactual (blue) 11 September 00Z ensembles. Dashed lines are Gaussian fits to the data. Only the 96 ensemble 
members that make landfall within 200 km of the observed landfall location are included. The NWS observations are marked with vertical black lines.
Table 1. Summary attributable changes in rainfall. Comparison of  
11 September 00Z full ensembles and 10-member ensemble subsets to 
the forecasted attribution statement. For the full ensembles, differences in 
mean values are provided with a 95% confidence interval, which given 
the large ensemble size matches the 95% confidence interval derived 
from a bootstrap analysis of 1000 samples. The 95% confidence interval 
for 10-member ensemble subsets is also derived from a bootstrap analysis 
of 1000 samples. 
Difference in 
mean 
maximum 
precipitation
Difference in 
mean total 
overland 
precipitation
Difference in 
mean 
maximum 
outer storm 
diameter
Full ensemble
3.8 ± 5.7% 4.9 ± 4.6% 9.1 ± 6.1 kmMean with 95% confidence 
interval 
(conventional)
Full ensemble
−1.2 to 9.6% 0.7 to 10.3% 3.1 to 15.3 km95% confidence 
interval 
(bootstrapped)
10-member 
ensembles 
subsets
−10.8 to 22.5% −8.2 to 21.4% −8.6 to 28.5 km
95% confidence 
interval 
(bootstrapped)
Forecast — 50% 80 km
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the expected increases in storm intensity. As the climate continues 
to warm, it is expected that extreme tropical cyclone precipitation 
events and resulting inland flooding will become yet more frequent.
Extreme weather events, such as hurricanes and tropical cyclones, 
provide scientists with the opportunity to communicate the very 
real impacts of current climate change to the public. We demon-
strated that a forecasted attribution analysis using a conditional 
attribution framework allows for credible communication to be made 
on the basis of sound scientific reasoning. Post-event expansion of 
the ensemble size and analysis demonstrated it to be reasonable, albeit 
with some quantitative modification to the best estimates and the 
opportunity to more rigorously evaluate the significance of the 
analysis. However, attribution statements, whether made before or 
after the event, must be made carefully and with sensitivity to the 
real-world circumstances. One particular suggestion is that forecasted 
attribution remarks should be made in conjunction with a statement 
to heed all warnings from the official forecast centers so as to not 
dilute the message of any clear and present danger. Attribution science 
offers a venue to engage the public with best estimates of the impact 
of climate change on the extreme weather events. The field has now 
advanced to the stage where we call on the scientific community to 
update the Intergovernmental Panel on Climate Change “detection 
and attribution best practices” guidance report (40) to include event 
attribution statements made either before or after the events.
METHODS
The global atmospheric model CAM5 (41) was set up in a variable- 
resolution configuration (42) with 30 vertical levels and a base hori-
zontal grid spacing of ~110 km, similar to conventional atmospheric 
general circulation models (AGCMs), and a refined region over the 
North Atlantic basin with a grid spacing of roughly 28 km. The grid 
is shown in fig. S1. Variable-resolution AGCMs reduced the boundary 
condition errors associated with regional climate models and used 
less computational resources compared with traditional globally high- 
resolution AGCMs, since fine grid spacing is not required over the 
entire domain. The model is initialized with atmospheric and ocean 
surface analyses from National Oceanic and Atmospheric Adminis-
tration’s Global Forecast System. The land surface was initialized 
via iterative nudging. A forward digital filter was applied to the 
atmosphere during the first 6 hours of model integration to reduce 
gravity wave noise associated with remapping to the CAM5 grid. 
Specific details regarding the initialized configuration used in this 
study are described in (31).
Each ensemble simulation is run for 7 days, and model output is 
generated every 3 hours. For Hurricane Florence, the model was 
initialized every 12 hours starting 9 September at 12Z to 12 September 
at 00Z, inclusive. To account for model uncertainty in storm charac-
teristics, a 10-member forecast ensemble was created by randomly 
perturbing three parameters (precipitation coefficient, c0_ocn; 
convective time scale, tau; and parcel fractional mass entrainment 
rate, dmpdz) in the deep convective parameterization based on re-
sults from tropical cyclone sensitivity studies in CAM5 (43). Note 
that the 11 September 00Z forecast period was expanded after storm 
to a 100-member ensemble to allow for a more thorough attribution 
analysis. These ensembles were taken to be the Actual hindcasts of 
Hurricane Florence. Storm trajectories from the individual simula-
tions were computed by tracking the location of minimum sea level 
pressure using the TempestExtremes software package (44). The 
observed track, minimum sea level pressures, and maximum near- 
surface wind speeds for Hurricane Florence were obtained from the 
NHC’s operational best track product.
For the Counterfactual ensemble with the climate change signal 
removed, differences (or “deltas”) in the three-dimensional air tempera-
ture, three-dimensional specific humidity, and two-dimensional sea 
surface temperature were applied to the observed initial conditions 
to remove the effects of climate change (13). Data from the All-Hist 
and Nat-Hist CAM5 simulations under Climate of the 20th Century 
(C20C+) Detection and Attribution Project protocols, a coordinated 
international experiment specifically designed for event attribution, 
were used (portal.nersc.gov/c20c). The All-Hist simulations are a 
perturbed initial condition ensemble of lengthy Atmospheric Model 
Fig. 4. Simulated changes in storm size. Histograms of (left) maximum and (right) all 3-hour radii of the azimuthal-mean 8 m/s azimuthal wind for the Actual (red) and 
Counterfactual (blue) 11 September 00Z ensembles during the 36-hour period (12 September 00Z to 13 September 12Z). This time period is selected because it begins 
24 hours after initialization to allow for model spin-up and ends 24 hours before ensemble median landfall to ensure that the storm size is not affected by interactions 
with land. Dashed lines are Gaussian fits to the data. Only the 96 ensemble members that make landfall within 200 km of the observed landfall location are included.
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Intercomparison Project—style simulations with prescribed sea surface 
temperature and sea ice concentrations derived from observations. 
The Nat-Hist simulations are a similar ensemble with the surface 
ocean and ice properties altered such that the attributable human 
components are removed. This removal was obtained by standard 
regression techniques from the Coupled Model Intercomparison 
Project Phase 5 ensemble (45). The attributable warming of the ocean 
surface off the coast of North Carolina is about 0.75°C in this protocol. 
Differences between global simulations driven by observed boundary 
conditions and simulations driven by conditions with the human- 
induced climate change signal removed were calculated for September 
over the 1996–2016 period and approximated the change in the 
large-scale environment attributable to climate change (16). In 
addition, the greenhouse gas concentrations, solar radiation condi-
tions, ozone concentration, and aerosol concentrations are all set to 
their levels in the year 1850 for the Counterfactual ensemble. A second 
100-member ensemble was created using these Counterfactual initial 
conditions. The same methodology was used to explore the climate 
change impacts on multiple recent hurricanes in the Weather Research 
and Forecasting model (16).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/1/eaaw9253/DC1
Quantitative track error analysis
Analysis of Hurricane Florence observed and forecasted rainfall
Analysis of Hurricane Florence forecasted intensity
Analysis of Hurricane Florence forecasted size
Table S1. Comparison of track error.
Fig. S1. CAM5 computational grid.
Fig. S2. Actual ensemble rainfall.
Fig. S3. Counterfactual ensemble rainfall.
Fig. S4. Evolution of storm intensity and size.
Reference (46)
REFERENCES AND NOTES
 1. J. M. Melillo, T. C. Richmond, G. W. Yohe, Climate Change Impacts in the United States:  
The Third National Climate Assessment (U.S. Global Change Research Program, 2014).
 2. A. B. Smith, R. W. Katz, US billion-dollar weather and climate disasters: Data sources, 
trends, accuracy and biases. Nat. Hazards 67, 387–410 (2013).
 3. P. A. Stott, D. A. Stone, M. R. Allen, Human contribution to the European heatwave 
of 2003. Nature 432, 610–614 (2004).
 4. T. C. Peterson, P. A. Stott, S. Herring, Explaining extreme events of 2011 from a climate 
perspective. Bull. Amer. Meteor. Soc. 93, 1041–1067 (2012).
 5. P. Pall, C. M. Patricola, M. F. Wehner, D. A. Stone, C. J. Paciorek, W. D. Collins, Diagnosing 
conditional anthropogenic contributions to heavy Colorado rainfall in September 2013. 
Weather Clim. Extrem. 17, 1–6 (2017).
 6. K. van der Wiel, S. B. Kapnick, G. J. van Oldenborgh, K. Whan, S. Philip, G. A. Vecchi,  
R. K. Singh, J. Arrighi, H. Cullen, Rapid attribution of the August 2016 flood-inducing 
extreme precipitation in south Louisiana to climate change. Hydrol. Earth Syst. Sci. 21, 
897–921 (2017).
 7. K. Emanuel, Assessing the present and future probability of Hurricane Harvey’s rainfall. 
Proc. Natl. Acad. Sci. U.S.A. 114, 12681–12684 (2017).
 8. M. D. Risser, M. F. Wehner, Attributable human-induced changes in the likelihood 
and magnitude of the observed extreme precipitation during Hurricane Harvey.  
Geophys. Res. Lett. 44, 12,457–12,464 (2017).
 9. G. J. van Oldenborgh, K. van der Wiel, A. Sebastian, R. Singh, J. Arrighi, F. Otto, K. Haustein, 
S. Li, G. Vecchi, H. Cullen, Attribution of extreme rainfall from Hurricane Harvey,  
August 2017. Environ. Res. Lett. 12, 124009 (2017).
 10. K. Trenberth, L. Cheng, P. Jacobs, Y. Zhang, J. Fasullo, Hurricane Harvey links to ocean 
heat content and climate change adaptation. Earth’s Future 6, 730–744 (2018).
 11. S.-Y. S. Wang, L. Zhao, J.-H. Yoon, P. Klotzbach, R. R. Gillies, Quantitative attribution 
of climate effects on Hurricane Harvey’s extreme rainfall in Texas. Environ. Res. Lett. 13, 
54014 (2018).
 12. Q. Schiermeier, Droughts, heatwaves and floods: How to tell when climate change is 
to blame. Nature 560, 20–22 (2018).
 13. M. F. Wehner, C. M. Zarzycki, C Patricola, Estimating the human influence on tropical 
cyclone intensity as the climate changes, in Hurricanes And Climate Change, (Springer, 
2019), vol. 4, pp. 235–260.
 14. C. Schär, C. Frei, D. Lüthi, H. C. Davies, Surrogate climate-change scenarios for regional 
climate models. Geophys. Res. Lett. 23, 669–672 (1996).
 15. G. M. Lackmann, Hurricane Sandy before 1900, and after 2100. Bull. Amer. Meteor. Soc. 96, 
547–560 (2015).
 16. C. M. Patricola, M. F. Wehner, Anthropogenic influences on major tropical cyclone events. 
Nature 563, 339–346 (2018).
 17. T. G. Shepherd, A common framework for approaches to extreme event attribution.  
Curr. Clim. Change. Rep. 2, 28–38 (2016).
 18. W. M. Gray, Global view of the origin of tropical disturbances and storms. Mon. Wea. Rev. 
96, 669–700 (1968).
 19. W. M. Gray, Hurricanes: Their formation, structure and likely role in the tropical 
circulation, in Meteorology Over the Tropical Oceans, D. B. Shaw, Eds. (Royal 
Meteorological Society, 1979), pp. 155–218.
 20. K. A. Emanuel, The dependence of hurricane intensity on climate. Nature 326, 483–485 (1987).
 21. K. A. Emanuel, Sensitivity of tropical cyclones to surface exchange coefficients 
and a revised steady-state model incorporating eye dynamics. J. Atmos. Sci. 52, 
3969–3976 (1995).
 22. K. J. E. Walsh, S. Camargo, G. Vecchi, A. S. Daloz, J. Elsner, K. Emanuel, M. Horn, Y.-K. Lim, 
M. Roberts, C. Patricola, E. Scoccimarro, A. Sobel, S. Strazzo, G. Villarini, M. Wehner, 
M. Zhao, J. Kossin, T. LaRow, K. Oouchi, S. Schubert, H. Wang, J. Bacmeister, P. Chang, 
F. Chauvin, C. Jablonowski, A. Kumar, H. Murakami, T. Ose, K. A. Reed, R. Saravanan, 
Y. Yamada, C. M. Zarzycki, P.-L. Vidale, J. A. Jonas, N. Henderson, Hurricanes and climate: 
The U.S. CLIVAR working group on hurricanes. Bull. Amer. Meteor. Soc. 96, 997–1017 
(2015).
 23. J. T. Bacmeister, K. A. Reed, C. Hannay, P. J. Lawrence, S. C. Bates, J. E. Truesdale, 
N. A. Rosenbloom, M. N. Levy, Projected changes in tropical cyclone activity under future 
warming scenarios using a high-resolution climate model. Clim. Change 146, 547–560 
(2018).
 24. P. J. Webster, G. J. Holland, J. A. Curry, H.-R. Chang, Changes in tropical cyclone number, 
duration, and intensity in a warming environment. Science 309, 1844–1846 (2005).
 25. P. J. Klotzbach, C. W. Landsea, Extremely intense hurricanes: Revisiting Webster et al. 
(2005) after 10 years. J. Climate 28, 7621–7629 (2015).
 26. S.-K. Min, X. Zhang, F. W. Zwiers, G. C. Hegerl, Human contribution to more-intense 
precipitation extremes. Nature 470, 378–381 (2011).
 27. X. Zhang, H. Wan, F. W. Zwiers, G. C. Hegerl, S.-K. Min, Attributing intensification 
of precipitation extremes to human influence. Geophys. Res. Lett. 40, 5252–5257 (2013).
 28. K. A. Reed, A. M. Stansfield, M. F. Wehner, C. M. Zarzycki, The human influence on 
Hurricane Florence (Zenodo, 2018); http://doi.org/10.5281/zenodo.2548954.
 29. O. Angélil, S. Perkins-Kirkpatrick, L. V. Alexander, D. Stone, M. G. Donat, M. Wehner, 
H. Shiogama, A. Ciavarella, N. Christidis, Comparing regional precipitation 
and temperature extremes in climate model and reanalysis products. Weather Clim. Extrem. 
13, 35–43 (2016).
 30. O. Angélil, D. Stone, M. Wehner, C. J. Paciorek, H. Krishnan, W. Collins, An independent 
assessment of anthropogenic attribution statements for recent extreme temperature 
and rainfall events. J. Climate 30, 5–16 (2017).
 31. C. M. Zarzycki, C. Jablonowski, Experimental tropical cyclone forecasts using a variable-
resolution global model. Mon. Weather Rev. 143, 4012–4037 (2015).
 32. J. P. Kossin, A global slowdown of tropical-cyclone translation speed. Nature 558, 
104–107 (2018).
 33. D. R. Chavas, E. Yonekura, C. Karamperidou, N. Cavanaugh, K. Serafin, US hurricanes 
and economic damage: Extreme value perspective. Nat. Hazards Rev. 14, 237–246 (2013).
 34. J. M. Done, D. PaiMazumder, E. Towler, C. M. Kishtawal, Estimating impacts of North 
Atlantic tropical cyclones using an index of damage potential. Clim. Change 146, 561–573 
(2018).
 35. A. R. Zhai, J. H. Jiang, Dependence of US hurricane economic loss on maximum wind 
speed and storm size. Environ. Res. Lett. 9, 064019 (2014).
 36. D. R. Chavas, K. A. Reed, J. A. Knaff, Physical understanding of the tropical cyclone 
wind–pressure relationship. Nat. Commun. 8, 1360 (2017).
 37. D. Keellings, J. J. Hernández Ayala, Extreme rainfall associated with Hurricane Maria over 
Puerto Rico and its connections to climate variability and change. Geophys. Res. Lett. 46, 
2964–2973 (2019).
 38. C. A. Davis, Resolving tropical cyclone intensity in models. Geophys. Res. Lett. 45, 
2082–2087 (2018).
 39. J. M. Shepherd, H. Pierce, A. J. Negri, Rainfall modification by major urban areas: 
Observations from spaceborne rain radar on the TRMM satellite. J. Appl. Meteorol. 41, 
689–701 (2002).
 40. G. C. Hegerl, O. Hoegh-Guldberg, G. Casassa, M. P. Hoerling, R. S. Kovats, C. Parmesan, 
D. W. Pierce, P. A. Stott, Good practice guidance paper on detection and attribution 
related to anthropogenic climate change, in Meeting Report of the Intergovernmental 
Reed et al., Sci. Adv. 2020; 6 : eaaw9253     1 January 2020
S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E
8 of 8
Panel on Climate Change Expert Meeting on Detection and Attribution of Anthropogenic Climate 
Change, T. F. Stocker, C. B. Field, D. Qin, V. Barros, G.-K. Plattner, M. Tignor, P. M. Midgley,  
K. L. Ebi, Eds. (IPCC Working Group I Technical Support Unit, Univ. of Bern, 2010), pp. 1–8.
 41. R. B. Neale, “Description of the NCAR Community Atmosphere Model (CAM 5.0)”  
(NCAR/TN-486+STR, National Center for Atmospheric Research, 2012).
 42. C. M. Zarzycki, M. N. Levy, C. Jablonowski, J. R. Overfelt, M. A. Taylor, P. A. Ullrich, 
Aquaplanet experiments using CAM’s variable-resolution dynamical core. J. Climate 27, 
5481–5503 (2014).
 43. F. He, D. J. Posselt, Impact of parameterized physical processes on simulated tropical 
cyclone characteristics in the community atmosphere model. J. Climate 28, 9857–9872 
(2015).
 44. P. A. Ullrich, C. M. Zarzycki, TempestExtremes: A framework for scale-insensitive pointwise 
feature tracking on unstructured grids. Geosci. Model Dev. 10, 1069–1090 (2017).
 45. D. A. Stone, N. Christidis, C. Folland, S. Perkins-Kirkpatrick, J. Perlwitz, H. Shiogama, 
M. F. Wehner, P. Wolski, S. Cholia, H. Krishnan, D. Murray, O. Angélil, U. Beyerle, 
A. Ciavarella, A. Dittus, X.-W. Quan, M. Tadross, Experiment design of the International 
CLIVAR C20C+ detection and attribution project. Weather Clim. Extrem. 24, 100206 (2019).
 46. D. R. Chavas, N. Lin, K. A. Emanuel, A model for the complete radial structure 
of the tropical cyclone wind field. Part I: Comparison with observed structure. J. Atmos. Sci. 
72, 3647–3662 (2015).
Acknowledgments 
Funding: K.A.R. and A.M.S. were partially supported by the Stony Brook Foundation’s Minghua 
Zhang Early Career Faculty Innovation Fund. M.F.W. was partially supported by the 
Department of Energy’s Office of Science under contract number DE-AC02-05CH11231. This 
document was prepared as an account of work partially sponsored by the U.S. government. 
While this document is believed to contain correct information, neither the U.S. government 
nor any agency thereof, nor the Regents of the University of California, nor any of their 
employees makes any warranty, express or implied; assumes any legal responsibility for the 
accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed; or represents that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by its trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the U.S. government or any agency thereof or the Regents of 
the University of California. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the U.S. government, any agency thereof, or the Regents of 
the University of California. C.M.Z. was supported by the NSF, which sponsors the National 
Center for Atmospheric Research. Author contributions: K.A.R. and M.F.W. conceived of the 
presented idea. K.A.R. was in charge of overall direction. A.M.S. performed model simulations. 
A.M.S. and K.A.R. performed the analysis for presented results. C.M.Z. designed the forecast 
modeling framework. K.A.R. and M.F.W. wrote the manuscript with input from A.M.S. and 
C.M.Z. Competing interests: The authors declare that they have no competing interests. Data 
and materials availability: All data needed to evaluate the conclusions in the paper are 
present in the paper and/or the Supplementary Materials. We would like to acknowledge 
high-performance computing support from Cheyenne (doi:10.5065/D6RX99HX) provided by 
NCAR’s Computational and Information Systems Laboratory, sponsored by the NSF. All model 
output is available on Cheyenne. Official NHC tracks and intensity are publically available at 
www.nhc.noaa.gov/data/#hurdat, and all NWS precipitation is available at https://water.
weather.gov/precip/index.php. Additional data related to this paper may be requested from 
the authors.
Submitted 6 February 2019
Accepted 30 October 2019
Published 1 January 2020
10.1126/sciadv.aaw9253
Citation: K. A. Reed, A. M. Stansfield, M. F. Wehner, C. M. Zarzycki, Forecasted attribution of the 
human influence on Hurricane Florence. Sci. Adv. 6, eaaw9253 (2020).
